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Introduction
44
Cooperation is a prevalent phenomenon in nature and occurs at a wide range of scales, from among 45 genes in genomes to cooperation among nation states (Dorsky et al., 2003; Nowak, 2006) . However, 46 cooperative behavior is a difficult problem for biologists and ecologists to explain because from the point view of evolution, natural selection should favor selfish acts (West et al., 2007; Harcombe, is one of the main organic P forms in the soil (Turner et al., 2002) . Each treatment had four replicates, 154 thus, there were 32 microcosms in total, which were arranged in a randomized block design in a 155 greenhouse. Plants in these microcosms were grown at China Agricultural University in Beijing from 156 12 May to 10 July 2011 at 24/30°C (night/day). The average photosynthetically active radiation at 157 plant level was 360 μmol m -2 s -1 . Soil gravimetrical moisture was kept at 18-20% (w/w,~70% water 158 holding capacity) with deionized water by weighing the microcosm units every 2 days during the 159 experimental period.
160
At destructive harvest, soil samples were collected from the hyphal soil, and the top 2 cm of the 161 soil from these samples were discarded to eliminate any possible surface effects. What remained of 162 the sample was cut into small sections and then mixed in a blender to obtain a uniform matrix for 163 subsequent analyses (see below). The plant material was separated into shoots and roots. The shoot 164 material was oven-dried at 105°C for 30 min to arrest metabolic activity and then dried at 65°C for a 165 further 2 days before being finally ground to a fine powder. Shoot P was determined following
166
Thomas et al. (1967) . The roots were washed with deionized water and then preserved at -20°C.
167
Microbial biomass P (MBP) in the hyphal soil was extracted by the chloroform in a total of 32 plates. At harvest, the hyphae and medium in the hyphal compartment were separated.
206
The hyphae were put into a 2-ml tube using sterilized forceps and were immediately stored at -80°C the hyphal compartment to permit the collection of hyphal exudates. There were a total of 6 236 treatments in this experiment, and each was replicated 5 times; thus, 30 plates were set up in total.
237
After 4 weeks, when most of the surface of the hyphal compartment was covered by actively 238 growing AMF hyphae, the hyphae and medium were harvested. The hyphal material was dried and details on these data, please see Table S3 .
254
In vitro culture experiment
255
RA was cultured in liquid LB medium for 12 h at 37C at 180 rpm and then centrifuged at 8,000 rpm 256 for 6 min. The supernatant was discarded and the pellet was re-suspended using sterilized 0.85%
257
NaCl solution. After washing three times, the bacteria were diluted (OD 600 = 0.1). In a 100-microwell 
Results
280
Microcosm experiment
281
Shoot P content of M. sativa increased by 20-30 times due to the presence of the AMF RIn (RIn, P < 282 0.001; see Table S1 ); in contrast, the main effect of the bacterium RA on shoot P content was not 283 significant (RA, P = 0.066; Fig. 1a ). There was however, a significant three-way interaction among
RIn and RA increased shoot P content only when 5 mg P kg -1 as KH 2 PO 4 was also added (Fig. 1a) . In 286 the AMF hyphal soil, the presence of RA significantly increased MBP (RA, P < 0.001), whereas RIn 287 had no effect (RIn, P = 0.945). (Fig. 1c) .
295
Soil phosphatase activities were increased by RA inoculation, and acid phosphatase activity was 296 2-3 times higher than that of alkaline phosphatase (Fig. S5a, S5b) . Subsequent analyses showed that 297 phytate P (i.e., that remaining from the original 75 mg P kg -1 soil Na-phytate after extraction by 0.5 298 M NaHCO 3 ) was significantly correlated with acid phosphatase activity (R 2 = 0.699 and P = 0.01, In the mycorrhizal treatments, roots of M. sativa were well colonized by RIn, and inoculation
304
with RA did not affect this colonization (Table S2 ). In the −RIn treatment, some hyphae were 305 observed that might have been dead fungal hyphae or non-mycorrhizal fungi, but their levels were low (0.10 ± 0.03 m g -1 soil). In the +RIn treatment, there was a significant interaction between presence of RA when KH 2 PO 4 was also added but not affected by RA when KH 2 PO 4 was absent (Fig.   309 3a, Table S1 ). To confirm the effect of RA on hyphal growth of AMF, we conducted a Petri plate phosphatase activity compared to the control, but inoculation with RA significantly increased 317 activities of these enzymes (Fig. S5c, S5d ). Acid phosphatase activity was much higher than alkaline 318 phosphatase activity. Dual inoculation with RIr and RA increased acid and alkaline phosphatase 319 activity compared to RA inoculation alone (RIr × RA, P < 0.001). Harvest timepoint also had a 320 significant effect on acid (P = 0.001) and alkaline phosphatase activity (P < 0.001), with activities in 321 the RA and RIr/RA treatments higher at 4 w than 2 w (Fig. S5c, S5d ).
322
The growth of RA was significantly (P < 0.001) stimulated by the presence of RIr hyphae:
323 bacterial counts in the RIr/RA treatment were c. 10 8 CFU ml -1 medium compared with c. 10 7 CFU 324 ml -1 medium in the RA-only treatment at both 2 w and 4 w. In addition, bacterial counts were 325 significantly (P = 0.001) higher at the 2 w harvest than at the 4 w harvest in both the RA and RIr/RA 326 treatments (Fig. 4a) . No bacteria were detected in the −RA treatments.
327
Neither harvest time (P = 0.222) nor RA presence (P = 0.519) had any influence on the relative expression of GiPT, which was similar among the various treatments (Fig. 4b) .
35 μM KH 2 PO 4 treatments. The dry weight of hyphae was 1.2-1.3 mg plate -1 (Table S3) , and the 332 concentration of total C of hyphal exudate in the medium was c. 4.0 mM (Fig. 5a) . Thus, RIr
333
released approximately 30 mM C g -1 DW hyphae in 4 weeks (Fig. 5b) the RIr hyphae, although succinate was only detected at the higher P level (Fig. 5) . The occurrence of 367 trehalose is particularly striking given AMF-associated trehalose release has been implicated in previous Biolog analysis showed that RA could use these sugars and carboxylates as substrates 370 except aconitate (Chen, 2007) . When the P level was altered RA cell counts were increased both when it was inoculated near the hyphae and when it was incubated with collected hyphal exudates the higher P level (i.e., 320 μM versus 32 μM). Following phosphate application to AMF hyphae the 438 genes responsible for phosphate, nitrogen and maintenance of cellular homeostasis were up-regulated 439 in the study by Kikuchi et al. (2014) , although the levels of P application in their study were more 440 extreme (i.e., 1 mM KH 2 PO 4 added to P-starved mycelia) compared to overall P levels in our study.
441
Collectively, our results demonstrate that beneficial interactions between an AMF and a PSB 442 occur, with each providing a key resource for the other (Fig. 7) , but that the beneficial nature of the 443 interaction is altered by background P status. PSB are responsible for organic P hydrolysis by 444 releasing phosphatases (Fig. S5 ) while AMF can acquire the inorganic P subsequently released and
445
AMF hyphal growth was enhanced (Fig. 3) . AMF release C compounds into the hydrosphere which 446 the PSB were demonstrated to utilize but the background P status modified the compounds released
447
(with succinate detected only at the higher background P level) and PSB growth was also altered ( behavior, but in our study the PSB did not promote AMF hyphal growth at the lower P availability 466 (Fig. 3) suggesting a degree of control by the PSB also. The results from our study therefore suggest 467 the mechanisms behind resource exchange are complex but support ideas for further studies. 
